Abstract-The majority of current wind energy conversion systems (WECS) are designed for interconnection to the electric utility grid. Although this type of application performs satisfactorily in most instances when only a few WECS are connected to the electrical distribution system, several problems seem to be of concern as WECS use becomes widespread. For interconnected WECS a number of concepts related to WECS performance and economics must be considered so that safe operation, maximum utilization of WECS energy, and avoidance of interference to normal utility operation may be-achieved. Methods and factors that must be considered for interfacing wind turbines to electric utilities are presented in relation to application and performance.
I. INTRODUCTION W ITH THE ADVENT of regulations for the implementa-* tion of Section 210 of the Public Utilities Regulatory Policies Act (PURPA) of 1978, a great deal of interest has developed in power production in parallel with electrical utility systems. Although a number of renewable energy sources such as wind, small hydroelectric systems, or solar may be used for cogeneration of electrical energy by individuals, wind energy is one of the most widely available resources that is economically feasible at present.
Major provisions relating to Section 210 of PURPA that encourage power production through interfacing with a utility grid are as follows.
1) Utilities are required to furnish electrical power to qualifying facilities on a nondiscriminatory rate basis that is just and reasonable.
2) Utilities must purchase power from such facilities at a rate reflecting the cost that the purchasing utility can avoid as a result of obtaining energy from these sources.
3) Electric utilities must make available to cogenerators and small power producers data concerning present and future costs of energy on their system so that the economics of cogeneration may be evaluated.
At present, a great deal of controversy exists regarding the PURPA rules, particularly in regard to an assignment of value for avoided costs and the constitutionality of the regulations.
Interconnection to a utility grid, however, is a method of using wind energy that many wind systems currently employ, and the effects and issues of such interconnection need to be carefully considered. utility power failure, the unit will be disconnected from the line. Because this generally will unload the generator, some method of preventing a wind-turbine over-speed condition also becomes essential. At critical wind speeds near cut-in, excessive cycling on and off the line may occur that can produce undesirable flicker and transients. The excitation required for an induction generator also contributes to a lagging power factor on the distribution system; the coefficient of performance of the WECS drops as wind speeds exceed an upper level, and, because the induction generator must be up to a specific speed to generate, it cannot capture energy below a cut-in wind speed that may be somewhat greater than for other systems.
B. Synchronous Inverters
A synchronous inverter generally is a solid-state device that can take a variable dc voltage input and apply this energy to the ac line. Usually, the dc is produced by a winddriven alternator and rectified for application to the inverter. An inductor may be required to interface the rectified dc output with the converter and may add substantially to the cost.
Synchronous inverters can operate without energy storage by using the utility system for excess energy as with induction generators, but synchronous inverters also have the capability of operating with stored dc energy from batteries if the utility line voltage is present for synchronization. For some applications, it also may be possible to use the alternator output on a "stand-alone" basis if line power is not available for such purposes as resistance heating, for which variable voltage and frequency are satisfactory.
The primary disadvantages of a synchronous inverter as compared with an induction generator are a higher system cost, the introduction of harmonics that may cause electrical interference, a greater complexity that may increase service problems, a susceptibility to problems of low line voltage, and a possible reduction of efficiency at power levels that are low in relation to rated converter power capability.
A In general, induction generators and synchronous inverters will not back-feed into the distribution system because they become inoperative with no power on the utility service. In addition, most designs have a disconnect device (usually a line-power operated relay) that provides a disconnect from the utility service if power is not present. In spite of the safety aspects, of these considerations, true safety and many utility regulations require that a positive lockable disconnect switch shall be installed between the WECS and the utility service as shown in Fig. 1 so that a positive disconnection can be assured. This switch must be accessible to utility personnel at all times so that, in case of power outage or malfunction of the wind system that could cause problems to the utility or other customers, the WECS can be removed from the distribution system.
B. Power System Considerations
The WECS interconnection to a utility distribution system introduces a number of additional problems to electrical utility system operation that need careful consideration by both the cogenerator and the utility. These When variable winds are encountered at approximately the power level that will just bring the WECS up to the synchronous speed, numerous connections and disconnects may occur and produce unacceptable numbers of flicker occurrences . Most utilities have regulations concerning flicker, and WECS will be expected to conform.
The operation of dispersed WECS will most likely reduce the normal voltage drop along a distribution feeder. This effect on automatic utility voltage-control equipment is not readily apparent and will have to be evaluated in each specific case where problems of voltage control are expected or encountered. A momentary disruption of power such as occurs when line faults are encountered and recloser action initiates several rapid deenergizings of the line may damage both induction generators and line-commutated synchronous inverters.
If the utility voltage is lost and the residual voltage on the wind generator's terminals decays rapidly, the wind system may be isolated by an instantaneous undervoltage relay or an overspeed protection relay. However, if the generator selfexcites, the voltage and/or frequency output of the machine may drift away from the utility voltage and frequency. If this occurs at the same time that the utility system recloses, an instantaneous torque will be produced in the wind-turbine rotor that is proportional to the phase difference between the machine's output parameters and the utility current, and damage to the WECS may occur.
In addition, the reactive power requirements on the system may be increased by the excitation requirements of WECS. Even though power factor correction is possible with both induction generators and line-commutated inverters, such correction may result in additional problems. With induction generators, the possibility of self-excitation increases, and with synchronous inverters, the required capacitance is not constant because the reactive power varies with load, as shown in Fig. 2 .
The distribution problems of system protection, coordina- Additional metering is required to determine the amount of power the cogenerator feeds back into the utility grid unless the billing meter is allowed to run backward. This in effect is reimbursement at retail rate and does not necessarily reflect the "avoided cost," particularly if the power is fed back at a time when the utility has excess capacity. The minimum metering requirement for determining both purchased and fed-back power is shown in Fig. 4 . Although this separates the two basic classes of power, it gives no indication of the reactive power requirements of the WECS. The metering shown in Fig. 5 indicates a more elaborate determination of kilowatt hours provided to the service, the fed-back power, and the reactive power supplied to the WECS. Numerous other'metering schemes can be employed, and the choice will, of necessity, be determined on the cost of the metering, the complexity of ob, taining and using readings, and the economic benefit of the determination of each power component.
C. Utility Interface Requirements
Because of potential problems associated with interconnection, utilities may have very specific requirements regarding the electrical interface methods and equipment. In addition, liability insurance carried by the cogenerator may be required to provide protection in case of damage to the utility or customer equipment. Some utilities are requiring general liability insurance to cover the bodily injury and property damage responsibilities of the cogenerator as well as a mutual "hold harmless" clause. Under the clause, the utility and the cogenerator will hold the other harmless for injuries or damages arising from their respective operations. IV. CONCLUSION Most WECS currently being manufactured are designed for interconnection to a utility grid. Many of the problems of safety, liability, metering, and undesirable interaction with the utility system may become more of a problem to utilities as the number of WECS installations increase.
Even though, on the surface, interconnection seems to offer a lower cost and simplicity of a WECS system, the institutional, technical, and economic problems associated with the interconnection of WECS to a utility grid must be carefully considered in the application of such systems if undesirable interactions with the utility service are to be avoided and proper evaluation of the value of the cogenerated power is to be made.
